The role of autophagy, traditionally considered a cellular homeostatic and recycling mechanism, has expanded dramatically to include an involvement in discrete stages of tumor initiation and development. Gliomas are the most aggressive and also the most common brain malignancies. Current treatment modalities have only a modest effect on patient outcomes. Resistance to apoptosis, a hallmark of most cancers, has driven the search for novel targets in cancer therapy. The autophagy lysosomal pathway is one such target that is being explored in multiple cancers including gliomas and is a promising avenue for further therapeutic development. This review summarizes our current understanding of the autophagic process and its potential utility as a target for glioma therapy.
INTRODUCTION
Malignant neoplasms constitute the second most common cause of death in the United States (41) and malignant brain tumors contribute to 2.4% of cancer-related deaths (6) . According to the American Cancer Society, an estimated 20 340 new cases of primary central nervous system tumors will be diagnosed in 2011 in the United States alone and will result in 13 110 deaths. Gliomas are the most common brain malignancies. Glioblastoma (GBM), classified as grade IV astrocytoma by the World Health Organization, is the most aggressive and accounts for 54% of all gliomas (6) . Despite considerable advances in multimodality treatment of tumors in the last five decades, there has been only a minimal improvement in the median survival time of GBM patients (from approximately 12 to 14 months) or the 5-year survival rate (less than five percent) (88) . Causative factors for the poor survival rate include the highly invasive nature of GBMs making them intractable to complete surgical resection, and resistance to standard chemotherapy and radiotherapy, which primarily depend on triggering tumor cell apoptosis. Evading apoptosis is one of the major hallmarks of cancer (32) and it has been shown that defective apoptosis contributes to both tumorigenesis and chemoresistance (42, 73) . This underscores the need to target non-apoptotic death pathways and prosurvival signaling mechanisms that contribute to resistance to conventional therapies.
For these reasons, autophagy, which can be either survival promoting or death inducing depending on cellular context, has received increasing scientific attention.
Autophagy is a highly conserved cellular homeostatic process. The term "autophagy" was coined by Christian de Duve and means self (auto)-eating (phagy) (95) . There are three main types of autophagy-macroautophagy, microautophagy and chaperonemediated autophagy. Macroautophagy (hereby referred to as autophagy) is a catabolic pathway in which cytoplasmic contents including organelles are sequestered within double-membrane vesicles (autophagosomes) and targeted to the lysosomes for degradation and recycling. Though originally suggested to be a mechanism for nonspecific bulk segregation and degradation of cytoplasmic contents in the lysosome (14) , the current perception of autophagy has greatly evolved to include roles in development, maintenance of genomic stability and protein and organelle quality control. In the context of tumors, reduced autophagic activity in carcinogen treated rat hepatocytes was observed over 25 years ago (77) . The report in 1999 that the autophagy-related gene BECLIN1 functions as a tumor suppressor (54) stimulated significant interest from cancer biologists on this previously unexplored process. Subsequent reports demonstrated an accelerated rate of spontaneous tumor development in murine models with defects in autophagyrelated genes thereby implicating a tumor suppressive role for autophagy in general (58, 71, 98) . Of particular interest are recent findings that high-grade gliomas have lower expression of autophagy-related proteins when compared with low-grade gliomas (69) and that progression of astrocytic tumors is associated with a decrease in autophagic capacity (36) . Several studies have also shown that modulation of autophagy sensitizes brain tumor cells to standard chemotherapy and radiotherapy induced death. The increasingly recognized relevance of autophagy to tumorigenesis, tumor progression, tumor suppression and ultimately, tumor therapy, make it an extremely important investigative focus.
MECHANISM OF AUTOPHAGY
Autophagy is a tightly regulated process controlled by a number of highly conserved autophagy-related genes known as ATGs (for AuTophaGy gene) (87) . Genetic screens in yeast have led to the identification of over 30 ATGs and many of their homologs have been identified and characterized in mammalian cells. The ATG proteins function at several discrete but continuous steps in autophagy, which include induction or selection/packaging of cargo, vesicle nucleation, vesicle elongation, vesicle docking and fusion with lysosomes and degradation of vesicular contents.
Autophagy is induced by various cellular stress mediated signaling pathways involved in nutrient signaling, growth factor status, energy sensing, hypoxia, oxidative and ER stress and pathogen infection (33) . The input from these multiple upstream signal transduction pathways is integrated by the serine/threonine protein kinase target of rapamycin (TOR). TOR acts upstream of the ATG proteins as a central inhibitor of autophagy under nutrient rich conditions, negatively regulating ATG1 and preventing the ATG1-ATG13-ATG17 scaffold formation (43) (phosphorylation of the ULKs-ATG13-FIP200 complex in mammalian cells). Activity of TOR in response to diverse stimuli is positively regulated by the GTPase Ras homolog enriched in brain (Rheb) and mediated through the class I phosphoinositide 3-kinase (PI3-K)-protein kinase B (AKT) pathway in response to growth factor signaling (51) . Negative regulation of TOR, resulting in the induction of autophagy, is mediated through energy-sensing kinase-adenosine monophosphate-activated protein kinase (AMPK) and the eukaryotic initiation factor 2a (EIF2a) (51, 83) . Tumor suppressor phosphatase and tensin homolog (PTEN), a negative regulator of PI3-K/ AKT signaling pathway, negatively regulates TOR and can induce autophagy when over-expressed (3) . The tumor suppressor protein TP53 has also been shown to be involved in the regulation of autophagy indirectly via the regulation of the TOR pathway by promoting the transcription of various negative regulators, such as AMPKb and PTEN (21, 22) .
Vesicle nucleation requires the formation of a class III phosphatidylinositol 3-kinase (PI3-K) complex, which is composed of PI3-K/Vps34 (vacuolar protein sorting 34), BECLIN1 (mammalian ortholog of ATG6) and p150 (myristoylated serine/threonine kinase Vps15 in yeast) (79) . Various binding partners of BECLIN1-ultraviolet (UV) radiation resistance-associates gene (UVRAG) (37, 53) , ATG14L/Barkor (62, 99) and AMBRA1 (activating molecule in beclin-regulated autophagy) (23)-which positively regulate BECLIN1 activity at different steps of autophagy have been recently identified. Autophagy is negatively regulated at this step by the anti-apoptotic BCL-2 family members, BCL-2 and BCL-x L, which physically bind to BECLIN1 and prevent the formation of the PI3K core complex (57) . However, the BCL-2/BECLIN1 interaction is disrupted by a pro-apoptotic BCL-2 family member-BCL-2/adenovirus E1B 19 kd-interacting protein3 (BNIP3), which binds to BCL-2 thus releasing BECLIN1 (72) . Recently, another molecule Rubicon (RUN domain and cysteine-rich domain containing, BECLIN1-interacting protein) has been found to negatively regulate BECLIN1 (99) , whereas the mitogen-activated protein kinase/extracellular signal-regulated kinase pathway has been shown to positively affect BECLIN1 levels (92) .
Vesicle elongation involves two ubiquitin-like conjugation systems (66, 67) . The first system involves the formation of the ATG5-ATG12 complex via the E1-and E2-like actions of ATG7 and ATG10, respectively. The ATG5-ATG12 complex then binds ATG16, resulting in a large multimeric ATG16L complex. The second system involves the cleavage of LC3/ATG8 by the protease ATG4, which is followed by the conjugation of the cleaved ATG8 to the lipid phosphotidylethanolamine (PE) via ATG7 and E2-like enzyme, ATG3. This results in the conversion of the soluble LC3/ ATG8 (LC3-1) to LC3-II, which is recruited to both the outer and inner surfaces of the autophagosomal membrane. It has been reported that the ATG16L complex acts as an E3 that promotes the lipidation of LC3/ATG8 (25, 31) . Ultimately, the autophagosome docks and fuses with the lysosome, resulting in the formation of a single membrane-bound acidic vesicle called the autolysosome. The contents of the autolysosome are degraded by the proteolytic activity of the lysosomal hydrolases and then recycled. Complete details of the various steps involved in the molecular machinery of autophagy have yet to be defined.
AUTOPHAGY IN TUMORIGENESIS
The current opinion regarding the role of autophagy in tumorigenesis is that autophagy can be either a tumor suppressor or promoter depending on the tumor type and stage. The observation that BECLIN1 is monoallelically deleted in a high percentage of human breast, ovarian and prostate cancers provided the first genetic link between autophagy and cancer (54) . Subsequently, heterozygous disruption of the Beclin1 gene in mice was shown to result in increased cell proliferation and tumorigenesis, suggesting that Beclin1 is a haploinsufficient tumor suppressor gene (71, 98) . In the context of brain tumors, cytoplasmic levels of BECLIN1 protein and mRNA were found to be lower in GBMs relative to lower grade astrocytomas as well as normal brain tissue (64) . In addition, high cytoplasmic levels of BECLIN1 protein have been found to bear a positive correlation with patient survival and performance status (Karnofski classification), whereas low expression of BECLIN1 protein correlates with an increase in cell proliferation and a decrease in apoptosis (69) . Interestingly, high LC3 expression was associated with improved survival in GBM patients with poor performance scores, whereas in patients with normal performance scores, low LC3 expression correlates with better survival (2) . As low levels of BECLIN1 and LC3B-II protein are found in higher grade astrocytomas (36) , it has been suggested that a decrease in autophagic activity may drive progression of astrocytic tumors. Existing knowledge about the involvement of autophagy-related proteins in brain tumorigenesis is largely limited to BECLIN1 and LC3. Proteins interacting with BECLIN1, such as UVRAG and BIF1 (bax interacting factor 1), have been implicated in gastric carcinoma tumorigenesis (50, 52) , and could have a similar role in brain tumors, but no direct studies have addressed this possibility. Additionally, frameshift mutations of other ATG genes-ATG2B, ATG5, ATG9B and ATG12-reported in gastric and colorectal cancers (45) need to be assessed in brain tumors.
Indirect evidence suggests that autophagy may be highly relevant to gliomas. Genes such as epidermal growth factor receptor (EGFR), neurofibromin 1 (NF1), PTEN, AKT and TP53 whose alterations/mutations are frequently associated with brain tumors, are known to be involved in regulation of autophagy ( Figure 1 ). The amplification of the receptor tyrosine kinase (RTK) EGFR, often found in gliomas, is known to suppress autophagy. EGFR suppresses autophagy by maintaining the basal intracellular glucose level through physically interacting with the sodium/ glucose cotransporter (SGLT) (94) . PTEN, a known tumor suppressor, has long been known to positively regulate autophagy by inhibiting the PI3-K/AKT pathway (3). However, comutations of PTEN and NF1 are frequently seen in gliomas and result in constitutive activation of the PI3-K/AKT/TOR signaling, which could suppress autophagy. TP53, another tumor suppressor that is frequently mutated in brain tumors, has been suggested to have a dual role in the regulation of autophagy. Nuclear TP53 has been shown to promote autophagy through transcriptional regulation of damage-regulated autophagy modulator (DRAM) (11) whereas cytoplasmic TP53 can negatively regulate autophagy (84) . In the specific context of brain tumors, the frequent alterations/mutations of tumor suppressors known to positively regulate autophagy suggest a tumor suppressor role of autophagy. Furthermore, the role of other ATG genes, apart from BECLIN1 and LC3, in brain tumors needs to be investigated as they could represent potentially useful prognostic markers and/or therapeutic targets.
Several mechanisms have been suggested to explain the role of autophagy in suppression of tumorigenesis. Maintenance of genomic stability by autophagy is considered to be one of the major mechanisms of tumor suppression (60) . The role of the tumor suppressor TP53 in maintaining genomic integrity is well established and inactivation or loss of TP53 is a common finding in multiple tumors. Therefore tumor cells with an additional defect in autophagy may further accumulate significantly higher DNA double strand breaks and gene amplifications, along with damaged mitochondria. Reduced clearance of damaged mitochondria and protein aggregates can potentially lead to increased DNA damage presumably because of elevated levels of reactive oxygen species (ROS) (61) . However, these observations were made in cells with defects in multiple genes including TP53, therefore the role of autophagy as a primary contributor in preventing tumor initiation in normal cells by maintaining genome stability is yet to be definitively established (75) . Interestingly, limiting necrosis in tumor cells has been suggested as an additional mechanism by which autophagy suppresses tumorigenesis. Tumor cells that are defective in apoptosis can die by necrosis when exposed to excessive metabolic stress. Active autophagy in these cells prevents necrosis and hence suppresses the resultant inflammation, which is known to increase tumor growth (15) . Another mechanism by which autophagy could negatively regulate tumor initiation is through oncogene induced senescence. Oncogene-induced senescence is a state of cell cycle arrest by which malignant transformation of cells is blocked in response to activation of oncogenes. The role of autophagy in oncogene-induced senescence was established by knockdown studies of ATG5 and ATG7, which resulted in significant bypass of senescence (97) .
Although reduced autophagic capacity has been shown to be associated with tumor progression and poor prognosis in various tumors, it is widely appreciated that cancer cells can use autophagy as a survival mechanism to cope with diverse stresses in the tumor microenvironment. Following extracellular matrix detachment, autophagy has been shown to protect cells from anoikis (26) . This ability to evade anoikis provides the tumor cells the opportunity to invade neighboring tissue and form diffuse tumors, a characteristic feature of GBMs. Recent studies have proposed a new model for autophagy in tumor promotion known as the "autophagic tumor stroma model of cancer" (59) . These studies propose that tumor cells induce oxidative stress and autophagy in the adjacent stromal fibroblasts leading to the stromal overproduction of recycled nutrients. Tumor cells use these recycled nutrients to promote their growth (59) . Whether malignant glial cells can similarly induce such a response from non-malignant glial cells is unknown.
Facilitating glycolysis has been suggested as another novel tumor-promoting function for autophagy. Autophagy inhibition resulted in decreased proliferation of Ras-transformed cells and autophagy deficient cells were reported to have reduced glycolytic capacity (55) . The central regions of solid tumors are frequently hypoxic as a result of the tumor outgrowing existing vasculature. In the hypoxic core of tumors, autophagy is induced as a survival mechanism by the tumor cells (72) . Overexpression of hypoxia inducible factor-1a (HIF1a) in the hypoxic regions of the tumor, results in the upregulation of BNIP3 and BNIP3L. Autophagy is induced by BNIP3 by disrupting the BECLIN1-BCL-2 complex and has been shown to be an adaptive survival response during prolonged hypoxia (4).
Sufficient evidence is available to support the dual nature of autophagy in cancers as well as the significance of tumor cell type and context. The complex relationship between autophagy and tumorigenesis and the potential avenues it presents for cancer therapy are currently the focus of intense investigation.
ROLE OF AUTOPHAGY IN BRAIN TUMOR THERAPY
The poor response of brain tumors to current treatment modalities that primarily promote apoptosis makes it important to target autophagy as an alternative death pathway. Frequently observed mutations/alterations in brain tumors such as EGFR, NF1, AKT, PTEN and TP53 are also known to be involved in autophagy regulation. Recently the cancer genome atlas consortium has classified GBMs into four different molecular subtypes-proneural, classical, mesenchymal and neural-based on the frequency of mutations in platelet derived growth factor receptor (PDGFR), TP53, NF1, PTEN and EGFR (90) . Interestingly, we observed differences in the basal level expression of LC3 protein in xenografts derived from these different molecular subtypes (Figure 2A ). These differences could be attributed to the role of specific characteristic mutations, on which the classification was based, in the regulation of autophagy. These observations suggest that a combinatorial approach targeting these pathways along with the autophagy lysosomal pathway (ALP) may lead to development of effective subtype specific therapies. Moreover, autophagy has been shown to be induced by a number of current and experimental glioma therapies. While autophagy mediates tumor cell resistance and survival in some therapies, in other therapies autophagy contributes to the cytotoxic and/or cytostatic response. The specific role of autophagy in promoting survival or death in various therapeutic settings is yet to be clearly elucidated and would play a crucial role in designing effective therapeutic combinations. In this section, we review the current literature pertaining to treatment outcomes following autophagy modulation in various combinatorial regimes in brain tumors (gliomas) and discuss the role of autophagy in current treatment modalities.
PI3K-AKT-mTOR PATHWAY: ROLE OF EGFR, NF-1 AND PTEN MUTATIONS AND AUTOPHAGY MODULATION
The most common genetic mutations/alterations seen in gliomas are the amplification of EGFR, expression of EGFR vIII mutant and homozygous/hemizygous deletion of PTEN and NFI (90) . The aberrant signals that result from these mutations interact with the PI3K-AKT-mTOR pathway and are responsible for promoting survival and chemo-resistance in gliomas (9) . Therefore targeting the RTKs with either monoclonal antibodies or small molecule inhibitors emerged as a promising therapeutic strategy (Figure 3 ). However, initial clinical studies with small molecule inhibitors of EGFR, such as erlotinib and gefitinib, have been disappointing in gliomas (24, 70, 74) . Similarly, monoclonal antibodies against EGFR, cetuximab and panitumumab, have only a cytostatic effect in glioma cell lines (5, 68) . The abundance of multiple types of RTKs along with the frequent deletion of PTEN in gliomas may account for the lack of effectiveness of single agent tyrosine kinase inhibitors (TKIs) (19, 63, 80, 93) . In addition, preclinical studies with individual inhibitors of PI3K and mTOR have shown only modest efficacy in gliomas. Phase II studies with temsirolimus (CCI-779), an analog of allosteric mTOR inhibitor rapamycin, did not provide any survival benefit in recurrent GBM patients (7, 27) . However, a dual inhibitor of PI3K and mTOR, PI-103 had potent antiproliferative activity in gliomas in preclinical models by eliminating activation of AKT often observed with mTOR inhibitors (18) . Therapies targeting components of the RTK-PI3K-AKTmTOR axis typically promote autophagy induction, which has been suggested to play a cytoprotective role. Therefore, combining late-stage autophagy inhibitors with agents promoting autophagy induction could enhance cytotoxicity in gliomas by inducing autophagic stress. In fact, this concept was tested when combining PI3K-mTOR/AKT inhibitors (PI-103 and AKT-1/2), with the lysosomotropic agent chloroquine (CQ), which inhibits lysosomal protease activity, accelerated cell death in gliomas (16) . Additionally, a dual PI3K and mTOR inhibitor, NVP-BEZ235, which is currently in clinical trials for use in solid tumors (34) induces autophagy and works synergistically in combination with CQ by inducing apoptosis in glioma cells (20) . Combining bafilomycin A1 or monensin (late-stage inhibitors of autophagy) with PI-103 or Ku-0063794, an mTOR kinase inhibitor, also enhanced glioma cell death by inducing apoptosis (20) . Similarly, autophagy inhibition has been reported to synergize with erlotinib to induce GBM cell death (17) .
In the case of imatinib mesylate, another TKI, the stage at which autophagy is inhibited resulted in different outcomes in gliomas. Suppression of autophagy at an early stage with 3-methyladenine (3-MA) or small interfering RNA against ATG5 attenuated cytotoxicity of imatinib, whereas late-stage inhibition with bafilomycin A1 enhanced the cytotoxicity through induction of apoptosis (78) . The differing outcomes of autophagy inhibition in various therapies might depend on the nature of the autophagy initiator, the combination therapy used and other factors that are not yet clearly understood. are from xenografts X14 and X12, respectively. Error bars represent standard deviation (SD) measurements that are less than 5% of the mean value (*P < 0.05).
MANIPULATING THE AUTOPHAGY LYSOSOMAL PATHWAY TO INDUCE APOPTOTIC CELL DEATH IN GLIOMAS
Several studies have explored the potential of combining therapies known to modulate autophagy to produce a synergistic effect on tumor cell death by inducing apoptosis. The ubiquitin-proteasome system is a major intracellular protein degradation pathway that is known to functionally complement autophagy. Inhibition of either pathway induces a feedback up-regulation of the other (65) . Therefore, proteasome inhibitors have been used to indirectly modulate the autophagy lysosomal pathway and hence serve as adjuvants in therapy. The proteasome inhibitor (MG-132) induces autophagy and when combined with 3-MA increases cell death in human glioma cells (28) . Another combinatorial therapy explored the effect of autophagy inhibition on N-(4-hydroxyphenyl)retinamide (4-HPR)-induced cytotoxicity. 4-HPR, a known inducer of apoptosis, also induces autophagy at lower concentrations in gliomas. 4-HPR induced cytotoxicity was enhanced by inhibiting autophagy using both 3-MA and bafilomycin A1 (85) . While combining different classes of drugs has been shown to be effective in gliomas, quinacrine (QA), an acridine derivative and lysosomotropic agent, alone has been reported to decrease tumor growth in vivo (89) . Moreover, we observed that QA induces cell death in glioma xenografts accompanied by autophagic vacuole (AV) accumulation and concomitant caspase-3 activation (Figure 2B-D) . These studies suggest potential new avenues for the development of novel therapeutic strategies for treating gliomas.
THERAPIES TARGETING INDUCTION OF AUTOPHAGY-DEPENDENT CELL DEATH IN GLIOMAS
Even though combining drugs inducing autophagy with agents blocking the completion of autophagy has shown promise, and some drug combinations are being clinically evaluated, there are other therapies where induction of autophagy promotes autophagydependent cell death in gliomas. In such instances, addition of an autophagy inducer to the regime should enhance cytotoxicity. This phenomenon is usually observed in cells that are resistant to apoptotic cell death. Various agents that have been implicated in eliciting autophagydependent cell death in different cancers include actinomycin D, arsenic trioxide, tamoxifen, vitamin D analogs, resveratrol and IFN-g. In malignant glioma cell lines, arsenic trioxide [As(2)O(3)] has been reported to induce autophagic cell death through an upregulation of the BCL-2 family member, BNIP3 and its homolog BNIP3L. As previously mentioned, BNIP3 promotes autophagy by displacing BECLIN1 from its complex with BCL-2. Moreover, exogenous expression of BNIP3 by itself also induced autophagic cell death in these cells (47) . Similarly, BNIP3 plays a pivotal role in ceramide-induced autophagic cell death in malignant glioma cells (12) . Another therapy that induces autophagic cell death in malignant gliomas is the inorganic compound, sodium selenite, through superoxide mediated mitochondrial damage (49) . While arsenic trioxide, ceramide and sodium selenite induce autophagic cell death through mitochondrial damage, D
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-tetrahydrocannabinol (THC) leads to autophagy-dependent cell death in glioma cell lines by inducing ER stress (76) .
GBMs are characterized by regions of hypoxia and often large, necrotic areas within the tumors. Enhanced expression of antiapoptotic BCL-2 family members in gliomas results in tumor resistance to anoxia (35) and may contribute to resistance to therapy. BH3 mimetics are a class of small molecules that can selectively bind to the BH3 binding groove of the anti-apoptotic BCL-2 proteins. Thus by disrupting the BCL-2/BAX and BCL-2/BECLIN1 interactions, BH3 mimetics can induce either apoptosis or autophagy in various cancers. BH3 mimetics have been found to induce autophagic cell death in anoxia resistant malignant glioma cells (35) . Additionally, gossypol, a BH3 mimetic, has been reported to exclusively induce caspase-independent autophagic cell death in malignant gliomas (91) .
TP53 is mutated in approximately a third of gliomas (82) and often renders tumor cells resistant to apoptotic stimuli. Previously, we reported that CQ induces autophagic cell death in gliomas independent of TP53 status (29) . However, p53 has been shown to play a role in regulation of autophagy in some therapies. Induction of DNA damage and subsequent autophagy has been reported with selective cyclooxygenase (COX)-2 inhibitors like celecoxib in glioma cells, mediated via a functional TP53 (44) .
Autophagy plays a significant role in viral-mediated gene therapy approaches. Pathogen infection is one of the known causes of autophagy induction in eukaryotic cells. Depending on the type of virus, autophagy can either facilitate or impede replication. In the case of oncolytic adenovirus, excessive autophagy observed at the end of adenoviral infection results in cell death (39, 40) . Additionally, adenovirus mediated therapies when combined with autophagy induction have a synergistic effect on glioma cell death. Therapies with adenovirus-Delta-24-RGD and OBP-405-when combined with RAD001 (everolimus), have shown to enhance the cytotoxic effect through induction of autophagy-dependent cell death in gliomas (1, 96) .
ROLE OF AUTOPHAGY IN CURRENT TREATMENT REGIME FOR GLIOMAS
Over the last decade, the standard treatment regime for GBMs has been surgical resection of the tumor followed by concurrent radiation therapy and chemotherapy with temozolomide (TMZ). The combination of radiation therapy and temozolomide significantly improves survival of patients compared with radiation therapy alone (81) . TMZ, an alkylating agent, acts by methylating the guanine residues resulting in DNA damage and ultimately, cell death. Similarly, ionizing radiation (IR) causes DNA damage in cells. Both TMZ and IR also induce autophagy in glioma cells (38, 46, 48, 56) , but the importance of autophagy induction in these therapies is currently unresolved. Inhibition of autophagy induction by 3-MA suppressed the anti-tumor effect of TMZ, whereas blocking autophagy completion with bafilomycin A1 enhanced the cytotoxicity of TMZ by inducing apoptosis (46) . However, TMZinduced autophagy also resulted in a cytoprotective adenosine triphosphate (ATP) surge in glioma cells and inhibition of autophagy with 3-MA abolished the ATP surge (48) . These contradictory findings may be attributed to the timing of 3-MA delivery to inhibit autophagy. When used concurrently with TMZ, 3-MA rescued the tumor cells from death, whereas use of 3-MA after TMZ enhanced tumor cell death. A recent study also showed that shRNA mediated knock down of BECLIN1 or ATG5 protected glioma cells from TMZ induced death (91) . This study also reported that combining TMZ with gossypol potentiated the cell death induced by TMZ via autophagic cell death. Another combinatorial regime of TMZ with cannabinoids was found to have a strong anti-tumoral action in glioma xenografts through the induction of autophagy (86) . Antimalarial drugs CQ and hydroxycholoroquine (HCQ), which block the completion of autophagy by interfering with lysosomal acidification, are currently in clinical trials in combination with temozolomide and radiation therapy in GBMs (8) . While awaiting the results from these trials, which would prove the effectiveness of autophagy inhibition in glioma therapy, we should remember that CQ and HCQ, while indirectly inhibiting autophagy, also have several other mechanisms of action including DNA intercalation and production of ROS.
Similarly, the role of radiation-induced autophagy in glioma cells is not clearly understood. Conflicting observations portray both a protective as well as a death inducing role for radiationinduced autophagy. While malignant glioma cells lacking DNAdependent protein kinase undergo autophagic cell death upon radiation (13) , inhibition of autophagy at any stage sensitizes radiation resistant glioma cells to such therapy (38) . There are multiple studies attributing contrasting roles for autophagy in radiation therapy. This contrast could be a function of the specific context in which autophagy was modulated. In the case of glioma stem cells (CD133-positive cells), induction of autophagy contributes to radioresistence and inhibition of autophagy by bafilomycin A1 or silencing of BECLIN1 and ATG5 sensitized the cells to gammaradiation (56) . However, combining arsenic trioxide with IR enhances autophagy and leads to cell death (10) . Moreover, a recent study reported that autophagy induced by rapamycin in glioma stem cells could trigger differentiation and enhance their radiosensitization in vitro and in an immunocompromised mouse model (100) . Further studies are needed to address the specific role of radiation-induced autophagy in gliomas to facilitate the development of combination therapy of IR with drugs that would either induce or inhibit autophagy to achieve greater efficiency.
CONCLUSION AND FUTURE DIRECTIONS
There is a growing body of evidence to indicate that in nontransformed cells, the autophagy lysosomaI pathway integrates signals from multiple upstream signaling cascades thereby resulting in an intricate regulatory mechanism. An additional layer of complexity is added when studying autophagy regulation in cancer cells against a background of functional mutations that alter major signaling events. Activation of specific oncogenes has been shown to alter the autophagy dependence of cancer cells (30) . Therefore, the genetic makeup of a particular cancer cell determines how the cell responds to autophagy modulation and this knowledge is critical while formulating therapeutic strategies targeting the autophagy lysosomal pathway. This becomes increasingly important in the context of glioma cells, which display immense genetic heterogeneity. The recent subtyping of glioma cells based on representative mutations affords an opportunity to study specific alterations in the ALP in subtypes against a background of common mutations found in gliomas.
